ABSTRACT Aim: We evaluated the development of reading skills in very low birthweight (VLBW) children and controls at 8-10 years of age.
INTRODUCTION
Schoolchildren who are born very preterm, at up to 32 weeks of gestation and with very low birthweights (VLBW) of up to 1500 g, still face a relatively greater risk of impaired neurobehavioral outcomes, even if they do not have neurological abnormalities. These include deficits in cognition and executive function, as well as problems that affect their academic performance (1, 2) . Due to the gradual increase in survival rates of very preterm and VLBW children, there is growing concern that the number of children who develop learning problems and neurocognitive impairment will increase. The incidence of major neurosensory disabilities among children born in the state of Victoria, Australia, in 1991-1992 and 1995 and 2005 was similar. However, contrary to expectations, academic performance did not improve by eight years of age among extremely preterm children, born in 2005 at up to 28 weeks of gestation, compared with preterm children born earlier (3).
Impaired cognitive development, including language function, is common in preterm children and is associated with learning deficits, such as reading difficulties (4, 5) . In general, poor readers have been shown to be a highly heterogeneous group that displays a variety of reading impairments. These include problems with phonological decoding, which is the ability to produce and discriminate specific sounds, and orthographic decoding, which relates to visual word recognition, reading fluency and reading comprehension. These problems can occur as various Abbreviations ELBW, Extremely low birthweight; SD, Standard deviation; VLBW, Very low birthweight.
Key notes
This study evaluated the development of reading skills in 49 very low birthweight (VLBW) children and 44 fullterm controls at 8-10 years of age. VLBW children scored significantly lower in all reading domains at 7.8 AE 0.3 years, but the performance gap had narrowed to minor differences by 9.8 AE 0.3 years. Significant catch-up gains were found in phonological awareness, rapid naming ability and reading comprehension at approximately 10 years of age.
combinations or profiles of reading behaviour. Neuroimaging research with regard to reading acquisition has identified that reading activates neural circuits in different parts of the brain to support the processes involved in phonology, orthography, semantics and syntax, together with executive functions at different stages of reading acquisition (6) . Specifically, the areas located in the frontal lobe are integrated into networks that support cognitive control or executive functions related to narrative comprehension and reading. (6) . The process of learning to read and write also applies to preterm children and that is why it is essential to identify the specific reading deficits of each individual child (7) . Various aspects of reading abilities have been studied in school-age children born preterm and this found that they performed worse than term-born controls on both decoding and reading comprehension (8) .
Deficits in executive function have been identified in school-age children born very preterm and these have involved goal-directed behaviour, self-regulation of emotions and working memory. Population-based studies of children born preterm without radiological signs of perinatal brain injury have showed that alterations in regional brain tissue and microstructure in adolescence were associated with measures of executive functions and cognitive abilities (9) .
Poor executive function and related behavioural problems have been found to be associated with low reading performance, including word recognition and reading fluency (10) . Along with biological factors, low parental education and social risk factors have been shown to be important predictors of cognitive ability and academic performance into adolescence (11) .
Previous studies have been inconclusive as to whether the developmental deficits observed in very preterm and/or VLBW children at early ages will persist or whether the gap can be expected to narrow. Also, previous studies have failed to demonstrate any narrowing of the cognitive gap among VLBW children who fell behind at preschool age (7, 12) . Adolescents who were born in 1991-1992 and had an extremely low birthweight (ELBW) up to a 1000 g, or were born at less than 28 weeks of gestation, were assessed at two, five, eight and 18 years of age. They showed lower academic performance in reading and mathematics than those with a normal birthweight of at least 2500 g at all ages and these differences persisted (11) . Another study of preterm children born in 1989-1992 with a birthweight under 1250 g showed catch-up gains for cognition and verbal ability between the ages of eight and 16 years when they were compared with their term peers (13) . Living in a favourable socio-economic environment and the absence of neurosensory impairment were both associated with the most favourable trajectories. Although our earlier study was not strictly conclusive, it did suggest that VLBW children showed catch-up on measures that assessed skills related to early reading acquisition, such as phonological processing skills, tapping word decoding skills and reading comprehension (14) . In addition, a study by Ettinger-Veenstra et al. (15) indicated that VLBW children aged 12-14 from the same cohort as this study showed increased activation in their left inferior frontal gyrus. Activity in this region has also been associated with an increase in reading ability and skills in phonological awareness and phonological naming, which both underlie successful reading acquisition (16) . More importantly, this activation pattern seemed to be specific to linguistic processing and not associated with general brain maturation. To summarise, studies on both behavioural findings and neural development in VLBW children suggest the potential to catch-up on early literacy skills.
The aims of this study were to examine the development of various reading and spelling skills in VLBW and normal birthweight children during the first years of formal reading instruction at school in Sweden. We administered the same tests across time, including several measures of literacy and language skills known to be associated with early reading and spelling development, as well as accounting for covariates such as parental education and non-verbal ability. Our main research questions were to compare VLBW and control children with regard to their reading and spelling skills at eight and 10 years of age and to examine to what extent the differences obtained at eight years of age were stable across time.
MATERIALS AND METHODS
This study was a part of a longitudinal follow-up of a cohort of VLBW infants born between January 1998 and December 1999 in the south-east region of Sweden. This region has five hospitals with obstetric and paediatric departments, including one level-three university hospital. The study protocol was approved by the Regional Ethical Review Board of Link€ oping, Sweden. Oral and written consent was obtained from the participants and one of their parents. The families were informed that they could withdraw from the study at any time.
Participants
All children attended regular schools. Formal education in Sweden begins at the end of August in the year the child turns seven years of age. Most children begin preschool, which follows national educational objectives, in the year of their sixth birthday. According to the goals and guidelines, preschool children receive encouragement in verbal and written language development, but they are not taught to read. When a pupil is at risk of not achieving academic requirements, the school must investigate whether the pupil is in need of special support. The investigation is usually carried out by the teacher and the staff from the school health service. The remedial reading programme will most often take place outside the ordinary classroom.
VLBW children
Data were initially collected at the end of first grade from VLBW children who were born in one of five hospitals (17) . Of the 118 VLBW infants born in that region, 94 (80%) survived and eight were excluded: four because they lived in a geographically remote area and this made it hard to find matched controls, three because they were enrolled in school when the study started and one because their medical records were lost. Of the children who were eligible to take part, 51/86 (59%) agreed, together with their parents, to participate in the first grade and 49/86 (57%) were also assessed in the third grade. At the first assessment, the children were an average age of 7.8 years AE0.3, and at the second assessment, the average age was 9.8 AE 0.3 years. No statistically significant differences in birthweight, gestational age, five-minute Apgar score or serious neonatal diagnoses, such as intraventricular haemorrhage ≥ grade 2, periventricular leucomalacia and retinopathy of prematurity ≥ grade 2, were found between the 49 children who were assessed at both occasions and the 37 who refused to take part at stage one and were not included as a result at 10 years of age (Table 1) . However, two children (4%) in the VLBW group and seven (22%) of non-participants stayed in touch with a multidisciplinary habilitation centre, where they had access to wide-ranging support from health and social services (p < 0.026).
Controls
A control group, matched for age and sex, was selected from the Swedish Medical Birth Registry, and the other inclusion criteria were the absence of a neonatal diagnosis in the maternity ward medical records and the mother living in the same district as the mother of the corresponding VLBW child. The controls all had a normal birthweight of at least 2500 g and were born at ≥37 weeks of gestation, within AE3 days of the VLBW infant. A further three control children who met the above criteria and were born immediately after their respective VLBW peer were placed on a backup list to fill the void in case the first control child was unable to participate. Of the controls, 51 agreed, with their parents, to participate in the first grade and 44 (81%) were reassessed. Their mean age was 8.0 years AE0.3 years at the first assessment and 9.9 AE 0.3 years at the second assessment.
Socio-demographic data and perinatal history
Parents were asked about how many years of formal education they had, their history of smoking habits when the mother was pregnant and/or when children were in first grade, the number of siblings the child had, if any language other than Swedish was spoken at home and if the child received reading remediation measures in school ( Table 2) .
Fathers of VLBW children had significantly less formal education than the parents of the control children, so the variance analyses used the highest level of formal education achieved by either parent. The VLBW group included eight (16%) bilingual families and the control group four (9%), which was not statistically significant. Nor were there any difference in the number of siblings when we compared the groups: 11 (22%) VLBW children and 12 (27%) control children had no siblings. However, significantly more VLBW parents had a history of smoking during pregnancy and/or when their child was eight years of age and this was p < 0.012 for both parents compared to the parents of children in the control group.
Perinatal data for the VLBW group were collected from medical registries after obtaining parental consent. We recorded any history of antenatal steroids, cardiotocographic abnormalities, mode of delivery, pre-eclampsia, parity, small for gestational age -defined as a birthweight ≤2 standard deviations (SD) for gestational age, ELBW, respiratory distress syndrome and mechanical ventilation for more than 24 hours. Bronchopulmonary dysplasia was defined based on radiographic findings and the clinical criteria of oxygen dependency at 36 weeks of gestational age. Sepsis was defined as a positive blood culture in a child with clinical symptoms of infection. Severe brain damage referred to grade 3-4 intraventricular haemorrhage or periventricular leucomalacia on ultrasound during the newborn period. Grade two or higher retinopathy of prematurity was noted (Table 1) .
Reading tests and related skills
In addition to tests on reading and spelling skills, we also included two tests of phonological awareness and rapid automatised naming. Phonological awareness is a reliable predictor of early reading and spelling development and is important in the acquisition of word decoding skills. Also, phonological awareness shows a reciprocal association with reading, as decoding skills improve phonological awareness, and it can be used as a marker of word reading development. Rapid automatised naming is also seen as a precursor of early literacy development, mainly underlying the development of word reading fluency. A number of tests were used. Two tasks to assess phonological awareness were administered from the Comprehensive Test of Phonological Processing (18) . In the syllable and phoneme elision task, with a test-retest reliability of 0.88, children were asked to delete syllables such as ger from tiger and phonemes such as h from hear. The next task, taken from the same test battery, used a sound-matching procedure to measure the ability to recognise shared initial phonemes, for example neck and nut, and shared final phonemes, such as cap and lip. The test-retest reliability for this task has been reported to be 0.62.
Rapid digit naming and rapid letter naming from the same test battery (18) were used to measure rapid automatised naming. Six digits and letters were randomly presented in each test, and the tests included a total of 72 digits and letters. The child was asked to name digits and letters as quickly as possible, while time in seconds was recorded.
The phonemic decoding efficiency subtest from the Test of Word Reading Efficiency (18) was used to assess word decoding. In this subtest, the child was asked to read as many non-words as possible within 45 seconds from the provided list. Published test-retest reliability for children aged 6-9 has been reported to be 0.90. A sight word efficiency subtest from this tool (18) was used to assess word recognition. The children read a list of words as quickly as possible and were scored on the number of correctly read words in 45 seconds. The test-retest reliability has been estimated to be 0.97.
The passage comprehension subtest from the Woodcock Reading Mastery Test -Revised was used to assess reading comprehension (19) . This test uses a cloze procedure in which children are required to orally fill in a blank in a passage they are reading to assess their ability to understand passages of connected text.
Spelling ability was measured using the spelling subtest from the Wide Range Assessment Test -Revised (20) . In this test, children are asked to spell up to 45 words ranging from simple words like bed to complex words like belligerent. The test is terminated after 10 consecutive errors, and scoring is simply the number of words spelt correctly. The split-half reliability has been reported to be 0.90.
Cognitive function
Two subscales from the Swedish version of the Wechsler Intelligence Scale for Children -Third Edition (21) were used: block design from the performance section and vocabulary from the verbal section. These two subscales were chosen from a total of 12 because of their high g-factor and because they reflect general intelligence well. The subscales were summarised using scale scores ranging from 0 to 69 for the block design and 0 to 60 for the vocabulary.
As measures of non-verbal ability are much less likely to be contaminated by individual differences in language and literacy skills, the block design also served as an estimation of general cognitive ability and was included in the statistical analyses as a covariate.
Statistical methods SPSS version 23.0 (IBM Corp, New York, NY, USA) was used to enter and evaluate the data. Continuous variables were presented as means and SD. The characteristics of VLBW and control children were examined using t-tests for independent samples, while Fisher's exact test was used for categorical variables. Analysis of covariance was used to compare differences between the mean values of the VLBW and control groups. Sex, age at the time of examination, level of parental education and the cognitive block design scores were selected as covariates. To estimate the strength of effects between the groups, partial eta-squared was measured and the general rule of thumb was that a small effect was 0.01, medium effect was 0.06, and large effect was 0.14 (22) . Two-sided p values below 0.05 were considered significant in all tests. Table 2 shows the characteristics of VLBW and control children assessed the ages of eight and 10. The ages in months at the time of the examinations were lower in the VLBW group, the level of formal education was 1.2 years higher among control fathers, smoking was more common among VLBW parents, and reading remediation at school was more common in VLBW children. No significant differences were found in reading ability and cognition between VLBW children who were small for gestational age at birth and VLBW children whose birthweight was appropriate for gestational age or between ELBW children and the remaining VLBW children (data not shown). Nor were any significant correlations between gestational age and reading and cognitive variables in the VLBW group (data not shown). VLBW children who received reading remediation at school had significantly poorer results in all variables at eight years of age compared with VLBW children without support, when we controlled for sex, age and parental education. At 10 years of age, the differences were minor, but significant, in word recognition and reading comprehension (Table S1) . Table 3 presents the results of reading tests and cognitive function for the VLBW and control children at eight and 10 years of age. Analysis of covariance was computed to compare performance in each grade, with adjustments for sex, age in months at the time of the examination, level of parental education and corresponding effect sizes. At the first assessment at eight years of age, the VLBW group showed poorer performance in all variables. By the time the children were 10 years of age, the VLBW group had improved and narrowed the performance gap between groups to medium or small differences. Highly significant differences were found in reading comprehension and spelling.
RESULTS

Differences between the groups in reading
When we adjusted for non-verbal ability using block design as a covariate, the VLBW group scored significantly worse on all measures at the age of eight, except for word decoding. However, there were no significant differences between the groups, except for a minor difference in reading comprehension at 10 years of age.
Differences between the groups and grades Analysis of covariance was conducted to control for sex, age and level of parental education ( Table 3 ). The interaction effects were significant with regard to phonological awareness, reading comprehension and rapid naming of figures and letters. This was interpreted as evidence that the VLBW group was catching up. Differences between the groups and the age at assessment were insignificant in word decoding, word recognition, spelling and cognition using the vocabulary and the block design, indicating no significant catchup effect among the VLBW children. The analysis of covariance results that excluded the two children with a diagnosis of cerebral palsy remained unchanged between the groups across time.
DISCUSSION
The first examinations were carried out during the second term of the first grade, when the children were eight years of age, to ensure that all children had completed almost one year of standard reading instruction prior to testing. An earlier study of VLBW children born from 1987 to 1988 demonstrated improvements in reading skills in the VLBW group between the ages of nine and 15 years, as measured by various age-related tests (14) . Based on previous studies, we had expected a lower level of performance in reading among VLBW children. The VLBW group performed worse in all domains of reading skills except for word decoding -reading nonsense wordsafter adjusting for sex, age and parental education. With the exception of reading comprehension, the results concerning reading variables showed no significant differences between groups at 10 years of age, when they were controlled for non-verbal cognition. This finding indicated significant narrowing of the gap in all reading skills among VLBW children after completing two years of regular schooling. Table 3 Mean and standard deviations on raw scores for tests of reading and cognitive function and adjusted mean differences (ANCOVA) between VLBW and NBW groups and differences between groups and grades (ANCOVA) indicating change across time Variables Linguistic abilities are based on phonological decoding, word recognition, which is an orthographic skill, semantics and the activation of the related brain regions that support reading (6) . Fluent reading presupposes the engagement of executive function with activation of the frontal cortex circuits and this has been reported to be evident in children aged 8-12 (6) . The differences in reading comprehension between the VLBW and control groups at both examinations presumably reflected differences in cognition and associated executive functions. VLBW children who received special education in reading had poorer reading skills at eight years of age in all reading domains, when compared with children without formal support, and showed a true catch-up in phonological decoding, rapid naming and spelling. We speculate that the improvements might have been due to developmental processes and behavioural support, namely extra training offered at school. Despite this trend for amelioration in reading skills, persistent cognitive impairments have been shown to have a moderating effect on reading skills among VLBW children (14) .
There is a question about whether disadvantages in neurocognitive function improve or worsen over time. Studies have reported that cognitive functions in VLBW children were one of the main factors associated with deficits in academic performance and reading ability (1, 23, 24) . Our study found that the differences between groups in block design and vocabulary scores remained nearly constant between eight and 10 years of age, with no sign of the gap closing. However, the testing interval was rather short and we should not expect large differences in cognition between these two assessments. Very preterm children and very preterm adolescents have been reported to demonstrate catch-up gains in receptive vocabulary (13) . One study reported that a subgroup of preterm children without neurosensory impairment, and with the advantage of a favourable socio-economic environment, demonstrated similar cognitive development as term-born controls (13) .
Social variables between the groups, such as a shorter formal school education and higher frequency of smoking among VLBW parents, although interrelated, might have affected the results. We chose the highest formal school education of the parents as a covariate in the analyses. It is also well known that a lower level of education and history of maternal smoking are associated with a higher risk of prematurity and intrauterine growth retardation. Social risks and a lower level of parental education have also been shown to affect academic performance, including reading (11, 13) .
Children were selected based on birthweight, rather than gestational age. Consequently, there was an overrepresentation of growth-restricted infants of older gestational age in the VLBW cohort than VLBW infants whose birthweight was appropriate for gestational age. However, the statistical analyses showed no differences in reading variables and cognition among the small for gestational age children in the VLBW group, compared with the remaining VLBW infants. The results of the reading tests in the VLBW group were independent of gestational age, which was in line with the findings of Frye et al. (25) . A few children in our study had neurological diagnoses and retinopathy of prematurity requiring treatment, but all attended mainstream school. Sex was skewed in favour of girls in the participating VLBW group, compared with non-participating VLBW children. However, despite this skewing, sex representation did not differ between the VLBW group and the control group because matching sex was one criterion for selecting the control children. More of the non-participating children had functional disorders, which was a confounding factor. However, the results of the analyses that excluded the two children with a diagnosis of cerebral palsy were not affected.
Most of the other studies of reading skills among VLBW and ELBW children have been cross-sectional (5, 23, 26) . They suggested that most reading skills were adversely affected among these children, but they were not designed to address the developmental course (13, 27) . A longitudinal study in reading ability by Litt et al. (24) found that ELBW children born between 1992 and 1995 had narrowed the difference in reading scores between the ages of eight and 14 years. Johnson et al. (28) found that at the age of 11 ELBW, children demonstrated significantly worse performance in pseudo-word decoding, a phonological capacity and reading comprehension. Our tests were unable to demonstrate any differences between the groups in word decoding, but our results for reading comprehension concurred with the above study.
Certain strengths of the study should be mentioned. First, the regional cohorts were representative of the country as a whole and came from a mixture of rural and urban areas. Although the controls in our study were reasonably well matched for location to minimise the social differences between the groups, they did differ with regard to social factors. For example, parental education levels were higher in the VLBW group, and tobacco smoking was more common during pregnancy and at the start of school. The highest level of parental education was chosen for each couple for the analysis of covariance analyses. In addition, the control group was matched for sex and age in the analyses. The comprehensive standardised test battery was identical at both assessments and demonstrated acceptable test-retest reliability. We had previous experience using these tests, which have been shown to discriminate between different types of reading disabilities in children and adolescents (14, 17) . Neonatal care has changed since our test cohort were born. The VLBW infants in our study routinely received intensive care, including the administration of corticosteroids to mothers, as well as surfactant and high-frequency ventilation for infants, if needed.
A number of limitations also need to be mentioned. Unfortunately, we had no access to data concerning family habits up to school age, such as parental literacy level or parent-child reading. Maternal literacy level, which is more specific than level of education, has been found to be associated with the early reading trajectories of the child (29) . A stimulating home reading environment, examined with a structured interview instrument, was shown to relate to activation of brain regions supporting emergent literacy in healthy children aged 3-5 (30) .
Another limitation of the study was the participation rate as only about 60% of the eligible study group participated. One explanation may be that some families were unwilling to devote leisure time to the study. Many of potential participants had lengthy travel times or other conflicts due to work or school commitments. The non-participating VLBW children in the regional cohort were more likely to suffer from significant neurodevelopmental disorders than the participating VLBW children. This confounding factor was unfortunate, because it might have biased the data. However, those who declined participation did not differ in any crucial way with respect to neonatal variables from those who participated. The VLBW children were 2.9 and 1.7 months younger than the control children in the first and second assessments, respectively, because of technical testing circumstances. These age differences were taken into account in all the statistics. Sex as a confounder was one of the matching criteria for selecting controls and was taken into account in the statistical analyses.
CONCLUSION
The present study used a regional cohort to examine the impact of very low birthweight on phonological awareness, figure and letter fluency, word decoding, word recognition, reading comprehension and spelling. We found that most reading skills were less developed among VLBW children at both eight and 10 years of age, than the term-born controls, when we controlled for sex, age in months and parental level of education. An encouraging development was that the gaps observed at the first assessment had narrowed by the second assessment in most domains of reading. This study may have direct clinical applications for teaching VLBW children and informing parents and schools about their high risk of reading issues. It is essential to identify all VLBW or preterm children with learning disabilities and reading problems as early as possible, at least in preschool or during the first year of school, to implement appropriate interventions.
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